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SID4I-IARX 



!Hiis report discusses the design and construction of a wind 
tunnel designed primrily to investigate experiiientally fuel atomi- 
zation and vaporization in an air stream* The viind tunnel consists 
of tlie nonaal wind tunnel components, such as settling tanic, con-= 
traction nozzle, test section and diffuser, plus the addition of 
a heater section to heat the air passing through the tunnel and a 
fuel system to inject fuel into the test section* The design of 
each of these cortponents is discussed in detail* 

In using the continuity, ncaaentura, and energy equations Tihen 
analyzing fuel vaporization, the most helpful parameters are the 
static pressure, static temperature and velocity* The necessary 
instrumentation and -their design and possible errors are re-vlewed 
in de-tail* 

A general outline and discussion of -the fuel sys-tem and air 
supply is included* 

Structurally the tunnel is fabricated to opera-te id.th a 
partial vacuum of one-“half of an a-fanosphere, since -the proposed 
poT-rer sys-tem, prior -to -the completion of -the tunnel, i^as a vacuum 
piup* The efficiency of -the vacuum ptimp was not high enov^h) 
■therefore, a poster plant driving a compressor furnishes -the energy 
■to push -the air -through the tunnel* 

• The survey of -the flcK^ in the test section is described and 
the resul-ts are discussed* 
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The project was conducted under liie auspices of lixe Mechanical 
and Aeronautical Engineering Departments of the Universit7 of 
Minnesota in partial fulfillment of the requirements for the degree 
of Master of Science* 
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IlvT3iODUCTTON 



The design of jet engines for high performance aircraft re<= 
quires accurate kncr,fledge of the phases through which the fuel-air 
mixture passes before a combustible mixtiire is obtained in the 
combustion chamber,, After ttie fuel leaves the spray noszle it 
requires time to atomize and vaporize in the process of forming 
a combustible mixture <» If this time could be reduced this would 
Induce ignition lag and pemit the use of shorter combustion 
chambers or inner liners in jet engine So 

According to KL«l‘^^akil (Reference l), liquid fuel injected 
into the preignition zone of a combustion chamber leaves the nozzle 
as a ligament or sheets ■ttien breaks up into a cloud of droplets 
which are accelerated or decelerated to the air stream velocity 
by aerodynamic drag forceso During this time the droplets are 
heating up (or possibly cooling down) to their equilibrium ten5>era- 
ture equal to the wet-bulb tei?5>erature corresponding to the condi- 
tions existing at that momento Vaporization during this period 
occ\ 3 TS at a rate determined by (l) the air stream velocity, 
temperature, and static pressure, ( 2 ) the droplet velocity, initial 
teTiqjerature, and diameter, and ( 3 ) the physical properties of the 
fuel used* Ihus, by obtaining a survey of the static tei:5)erature, 
static pressure, and velocity of the mixture in the preignition 
zone of a combustion chamber, and by making certain necessary 
siirplifying assumptions, the vaporization rate of spra3rs may be 



calculated o 
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The me'Uiod of calciilation suggested by this report is the 
use of the continiiity, momentum j and energy equations. The four 
unknowns in the equations are velocity static pressure, static 
tenperature, and heat flow. If a value of any one of the unknoims 
can be determined experimentally, a solution of Ihe equations is 
possible. Therefore, the iri.nd tunnel presents an excellent oppor- 
tunity to study fuel sprays. 

The wind tunnel discussed in this report is designed with a 
fuel nozzle located at the entrance of the test section. Thus, 
the preignition zone of a combustion chamber is simulated by inject- 
ing fuel into the test section. This simulation presents the oppor- 
tunity to measure the changes in the static pressure, the static 
temperature, and the velocity due to the vaporization of the fuel. 

As mentioned above, any one of these measured parameters allows 
the solution of the equations. Once the heat extracted from the 
air is known, it is possible to coirelate this information with 
the sin^e droplet analysis by El-Wahil (Reference l), to determine 
the rate of vaporization. 

Wind tunnel testing is a means to an end, and not an end in 
its^f . If tests made in a wind tunnel cause us to think, then 
that is sufficient justification for having built the tunnel. 
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*Ihe general overall aiT flow system consists of a power plants 
manifold or dactingj control valves, an air flew meter, and -fee 
•vdnd ttinnel* A schematic of the system with a vacutui pump as the 
'patrer source is shown in Figutre lo A schematic of the system with 
an engine driven compressor as the power sovcrce is ^otm in Figure 2o 
The basic wind tunnel is an open circuit type and is syrametri” 
cal about the horizontaD. and vertical axes and ^-mmetrical about its 
longitudinal, axis, except tlie heater section* The pertLon of the 
>ind tunnel which is symmetrical about the longitudinal axis has a 
square cross-sectional area, and the heater section has a rectangu- 
lar cross-sectional area, (See figures 3, and 5) 

The tiTO control valves, one located downstream of the test 
section and the other upstream, as shown in Figure 1, were provided 
to offer a means of having ind^endent control of the velocity 
and the static presstire in the test section xdiile operating with 
a vacTium pump* When the power source was changed to a conpressor, 
the valve contiX)!, located dovmstream of ihe test section, was 
moved to a position upstream of the air flow meter, as shown in 
FLgtire 2* This valve controls the velocity in the test section 
by bleeding the necessary compressed air into the atmosphere • 

The vacum ptmg) was replaced by the engine driven compressor because 
the pump could not produce the desired velocities* The original 
valve upstream of the test section became superfluous, but time did 
not permit the removal of this valve or the construction of another 
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datmstream of the test section to control the static pressure in 
the working section hy controlling the back pressure. 

The air flow meter was placed in the due ting, upstream of 
the tunnel, to supply a means of measuring the rate of mass flow 
throu^ the timnel. 

All of the wind tunnel dimensions are shovrn in Figures 3 
and U and are not listed in the following discussion of die tunnel 
components* 
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DESIGN OF WIND lUNNEL COMPONENTS 

The design of the wind tunnel cong>onents is discussed in the 
order that these components are encountered by the air streamo 

The Heater Sect! on o This section has a rectangular cross=» 
sectional areaj therefore 5, a double entry was provided for the air 
flow, to obtain a good distribution of the air over the heaters » 

The rectangular shape, shovm in Figure 6, was determined by the 
heaters elected to supply the heat* 

Ihe size and type of heaters installed (230 volt, 2hS0 watt, 
Chromolox electric finstrip) were determined b7 (l) "Uie necessary 
wattage, (2) the air velocity required past the heaters, and (3) the 
cost per unit heater, with the latter being the most important con- 
siders tiono 

Hie wattage required to raise the temperature of the air from 
70 F to 500 F is 25,000 watts, then the velocity is 50 feet per 
second in a test section having a cross-secticnal area of I6 sqijare 
inches. At least 12 of the above heaters are required. This can 
be seen by the grafh in Figure 7o An example of the calculations 
necessary to construct this graph is diown in example 1 of the 
Sample Calctilations of the Appendix. 

Bie heater watt density required a minimum air velocity of 
2 feet per second past the heaters to prevent them from oveiheating 
and burning out. In order to keep the cross-sectional area small 
enough to obtain the necessary velocity, the heaters had to be 
installed in columns of three. (See Figures 3 and 8) 
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Budgetary linitaticais dictated a preliminary installation of 
only six heaters, although the section was designed and constructed 
to hold twelve heaters* Ihe heaters are assumed to be 95 per cent 
efficientj therefore, the six heaters should provide air teirperai” 
tures up to 250 F with a 50 feet per second air flow in the test seC“ 
tion, also shown in Figure 7o 

A preheat jacket was built around the heater section, as shown 
in Figures 3 and I4.0 The colder air stream flafs throu^ this preheat 
jacket and is heated slightly before it passes throu^ the heaters* 
This jacket also serves the purpose of insulating the heater section 
and prevents the loss of heat through the waillso 

As mentioned before the heater section was designed so that 
twelve heaters could be Installed in four rcsrs of three* The rows 
were staggered vertically in order to expose the air io as much 
heating surface as possible, and to facilitate the mounting of the 
heaters. Each heater was controlled ty an OFF-ON switch* This 
arrangement made it possible to operate with different air tenpeia- 
tures* With the OFF-ON switch of one of the heaters replaced by 
a variable voltage transfoimer, a sraaoth control of the air tenpera- 
ture throughout the possible tenperature range was provided* A 
diagram of the electrical circuit for the six heaters is shown in 
Figure 10. 

The Settling Chamber * A combination expansion and contrac- 
tion section was needed to connect the settling chamber to the 
heater, section* (See Figure 6) 

The air flow entering the settling chamber will undoubtedly 
contain a nonuniform distribution of velocity, since it passes 
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through the compressor, the ducting, a control valve, the air flew 
meter, the preheat jacket, and tiie heaters before arriving at the 
settliJig chambero Ihis turbulence is reduced by reducing the 
velocity in the large cross-sectional area of this chamber and the 
three damping screens that con 5 )letely span the settling chamber near 
the entrance, as sham in Jlgures 3 and lio 

Schubauer (Reference 2), states that the effectiveness of one 
screen in damping the oncoming turbulence is well approximated by 
the formula. 



>jhere f is the reduction factor and k is the pressure -drop coeffi- 
cient for the screen. It is ob'viously moi'e efficient to obtain a 
desired reduction factor by the use of several screens with small 
pressure “loss coefficients rather than by the use of a single dense 
screen© Since the air velocity is low in a large settling chamber, 
the installation of several damping screens is permissible ;d.thout 
excessive penal tj’^ for the power absorption or large pressure drops 
across the screens© 

Ihree 50-mesh screens with -wire diameters of ©0065 inches were 
installed in the settling chamber© Schubauer (Reference 2), states 
that the critical velocity of a 50-me^ screen -vd-th a wire diameter 
of ©0055 inches is l5o5 feet per second© Above the critical velocity 
the eddies shed by the screen were abnormal* Belcrw the critical 




or in the case of n screens Reference 3, 
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•velocity "the eddies shed fell off rapidly and smoothly o Fne velocity 
in ■the settling chamber was approximately 2 feet per second when 
a velocity of 50 feet per second was produced in the test sectlono 
The screens action ■tras to break up -the larger dist'urbances 
into small eddiesj idiich due to ■viscosity farther reduced in size 
as "the flow continued do^vm -the settling chamber o 

According to Robinson (Reference it), it is recommended that 
the leng^th of -the settling chamber be at least one and one~half ■times 
its effective diameter, in order to allow ■the flow to become unore 
laiiforitto 

The Contraction Kezzle o A large contmetion or area ratio 
be^fcween ■the settling chamber and test section had several advan^bageso 
A large contraction ratio resulted in a low air speed in the settling 
chamber, thus, permit^ting ■the installation of a ntmiber of danpirxg 
screens (as related above) also permitting greater decay of ttxrbalence 
in a given leng-th of settling chamber. J’urthermore, unless the con- 
traction has the effect of greatly increasing the turbulence energy 
of the stream, ■the ratio of the turbulent intensity to -the mean 
speed ■will decrease "through the contraction nozzle as the mean speed 
increases. 

Hilton (Reference 5), sta'tes that contraction ratios nonnally 
employed range from S°1 to 20sl approximately. Very low turbulence 
wind tunnels have been constructed with contraction ra'tLos of as 
much as lUsl. The contraction ratio of this -wind -tunnel is 25sl. 

(See Figures 3, and 9) 
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Ihe contraction nozzle cross^bectlonal shape ixas determined 
by the cross-sectional shape of the test section and settling cham- 
ber, vhich are square o 

The curvature of the contraction nozzles was one-quarter of a 
second order ellipse Tilth a minor axis of 16 inches and a major 
axis of 2li Inches, except die last inch and one-lialf leading into 
the test section, which was straighto Wie major axis was parallel 
to the longitudinal axis of the tunnelo Therefore, the nozzle was 
faired rapidly at first and then very gradually as the test section 
was nearedo The curvature of the nozzle was selected to give a 
continuously accelerating flow along the axis of the contraction 
and a continuously decreasing pressureo Hence, there was no danger 
of boundary layer separation® 

The Test Section ® The sqi:are test secticai was decided upon 
because of fhe desire to nfflunt glass along the entire length of the 
section on both sides (Figure 12) peraittlng visual obseivatdon of 
the spray and the use of photographic nethodSo These requirements 
were more important than the disadvantage of the thick boundary 
layers in the comers of a square test section® Also, the ease of 
maimfacture was a deciding factor® 

According to Pope (Reference 6), the walls of a closed jet 
test section should be slightly divergent to counteract the effec- 
tive contraction due to boundary layer growth, but this was not done 
due to the complications involved in manufacturing® This fact and 
the fact that thick boundary layers exist in the comers should be 
taken into consideration by anyone \ising this tunnel, by confining 
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the worlrlng area to an area slightly smaller -Uian the cross-sectional 
area of the test sectiono 

The cross-sectional area of the test section was detemined 
by the velocity desired (50 feet per second) and the displacanent 
of the proposed suction ptmg to draw the air throng the tumelo 
The results of the calculations for several test section sizes are 
shovm by the grafh in Figure lUo An example of the calculations is 
shovm in example 2 of the Sample Calculations in the Appendix o 

Ihe static pressure holes ivere located in the top wall of the 
test section along the longitudinal axis© (See Figure 13) The 
taps through which the velocity and temperature probes were inserted 
were also located in the top wall of the test section and can be 
seen in Jigure 13^ except one that xvas located in the bottom wal.1© 

Two taps were located near the entrance of the test section, but 
were offset from the center line (one on each side) enou^ to keep 
the pirobes clear of the spray and/or the turbulence produced by toe 
spray nozzle© Three taps were located in toe cross-sectional plane 
10 3A inches from toe entrance of the test section, one on the 
center line and the other two, one-inch from the center line, one 
on each side© In the cross-sectional plane, l8 3A inches from toe 
entrance are four taps, three located in the top wall with the same 
arrangement as the three in the 10 3/i; inch plane, but the fourth 
tap in toe bottom wall on toe center line© 

Since two total pressure probes and three tea 5 >erature probes 
were fabricated, five stuffing boxes, designed to ilt around the 
probes, were constiructed that would screw into the above discussed 
taps© (See Figure 15) Plugs were machined to close the unused 



taps and were interchangeable with the stxiffing boxes. Thus, the 
instiniraents or probes could be roared around from tap to tap as 
desired. 

The glass walls of the test section were one-half inch thick, 
consisting of one-quarter inch plate glass ctn the Inside and che- 
qmrter inch safety glass on the outside. If higher tonpera tures 
than the 250 F expected from the six installed heaters are desired, 
it is recoraraended that these glass walls be replaced by pyrex or 
other transparent material that can withstand high temperatures. 

A picture of the test section viith the glass walls and the 
instruments installed is shown in Figure l6. 

The Diffuser Section . The diffuser section was a combination 
diffuser and surge tank, as can be seen in Figures 3# U and 17. 

Ihe function of the diffuser is to turn the kinetic energy 
of the air in the working secticn back into pressure energy, with a 
minimum of loss. It is the diffuser that determines the mechanical 
efficiency of the tunnel almost entirely. A large area-expansion 
ratio is essential for high efficiency. Since the rate of expan- 
sion is limited to approximately 8 degrees bet^reen opposite walls 
(References U, and 6), the area-expansion ratio of the diffuser 
■vra,s limited to 7sl, due to the size of the room in which the tunnel 
was operated. 

The diffuser was manufactured with a square cross-secticnal 
shape, an expansion rate of 8.3 degrees between walls, and a 50” 
mesh screen covering the outlet. This screen was placed there to 
assist the two screens in the surge tank in damping out any surges 
from the suction pump. 



Hie diffuser was located inside a tank which series the pur- 
pose of a surge tanko The expansim rate of this tank was 20 degrees 
betiireen opposite walls until it reached a cross-sectionail area of 
liOO square inches, the cross-sectiaial area then reinaining constant 
to the end of the tunnel. In this constant ai’ea portion of the 
surge tank tiro 50“’Biesh screens were installed, ccnpletely spanning 
the tanko Hiese screens and the additional volvme were to serve 
the sole purpose of damping out surges from a suction pumpo Four 
spring loaded safety -valres were designed and incorpoiated into the 
walls of the constant area portion of the surge tank, one on each 
sideo (See Figures 3 and U) The flew through the diffuser sec- 
tion is a mixture of air and fuel vaporf therefore, •Hie safety 
valves sire necessary in case this mixture is accidentally ignited 
and the inevitable explosion follo^rso 

Material of Constructlon e Since this wind tunnel was de- 
signed primarily to operate undei* partial vacuums up to one-half 
of an atmosjAiere, one-eighth inch hot rolled carbon steel, rein- 
forced by belts of channel and angle iron, was used, except in the 
test section. Ihe top and bottom walls of the test section were 
fabricated out of one-quarter inch cold rolled carbon steel, and 
glass was installed for "ttie two side walls, but reinforced by 
frames of one-eighth inch hot rolled carbon steel. A belt of angle 
iron around each end of every section served the purpose of flanges, 
by which each section was connected to the other. 
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The original proposal for a poorer plant consisted of a suc- 
tion punqj attached to the tunnel exit to draw the air throu^ the 
system and produce static pressures in the test section less than 
the atmospheric pressure,, Since no suction pump was availablej it 
was decided to use an old U cycle^ 1| cylinder^ Wright-Gypsy aircraft 
engine (See Figure 18) j as a suction purapo This engine displaced 
318 cubic inches, but when operated at 2000 rpm this displacement 
■was not enough to produce the desired velocity of 50 feet per 
second in a I6 square inch ■test sec^tiono A displacement of 570 
cubic Inches ■was reqtared as can be seen in Figure llio Therefore, 
the engine was converted to a t^wo-cycle suc-tion pump in order to 
get ■the necessary displacemento This con^vnersion was done by remov- 
ing the original head and replacing it by a head that had reed valves 
incorporated o The reed valve arrangement i-ras such that four valves, 
located on one side of a one-half inch aluminum plate, opened, 
and four other valves, located on "the other side of the aluminum 
plate, closed during the down-stroke of each cylinder, and ■visa 
versa on the upstroke* The manifold leading to the •valves was 
di'vdded in half by a baffle, making it possible to isolate ■the air 
pulled into the pump from the air exhausted by ■the pump* (See 
Figure 19) 

It ■was anticipa"ted that ■the pump iroiild have a volumetric effi- 
ciency, of 80 per cent and tdiile operating at 2000 rpm, would pro- 
duce ■the desired 50 feet per second air velocity in the ■test section* 
But the p^ump proved to be unsuccessful, for the maximum possible 
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velocity obtainable was approximately 30 feet per second » Thus, 
the pjiip was only about 60 per cent efficient and -this was far 
from satisfactory* The prime mover for the suction pump was an 
eight-cylinder Hudson automobile engine* 

Due to the lack of time no effort was made to secure another 
suction pump, but the permanent installation located in the turbine 
test cell of the Mechanical Engineering Department was connected 
to the tunnel to furnish the power* Photographs of the installaticn 
and its control panel are sho>m in Figures 20 and 21* 

This installation consisted of a gasoline powered Lycoming 
Model 0-U35“T air-cooled Army tank engine, rated at l62 hp at 2800 rpm 
driving a centrifugal coitpressor* The compressor is a 7oli8gl gear 
ratio supercharger taken from an Allison V-1710 aircraft engine* 

The speed of the blower is controlled by throttling the engine* 

This povrer system was connected to the upwind end of the xd.nd 
tunnel* Therefore, the air is blown throu^ the tunnel instead of 
sucked through, and the desired static pressures below the at- 
mospheric pressure are no longer obtainable* 
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FUEL SYSTEM 

Bie fuel S3^tem consists of a pressure source^ a fuel tankj 
a filter, a rotometer, a water cooling jacket, a fuel nozzle and 
the necessary pressure gages and shutoff valves# A diagram of the 
system is shoim in Figure 22# 

The pressure was furnished by a pressurized carbon dioxide 
gas tank, idTich has a presstire reduction valve attached to control 
the pressure desired in the ssretem# 

!Hie fuel tank was a hot water heater cut down in size to hold 
approximately 5 gallons of fuel, and it had ihe necessary fittings 
incoiporated# The tank withstood a test of 200 pounds per square 
inch without any leaks. 

A Sperry Gyroscope fuel filter, serial number 6UI4IOO, was con- 
nected to the outlet of the fuel tank. 

The house water system was fed into the fuel line downstream 
of the filter, as shown in Figure 22, in order to be able to dieck 
the rest of the fuel ^steii without wasting fuel. 

A Schutte and Koerting rotometer, serial number ii27178, was 
incorporated in ttie fuel system to measure the rate of fuel flow. 

!Kie rotometer scale was for gasoline, specific gravity 0.71. Since 
it was anticipated that the fuel used would be benzol, ^ecific 
gravity O.87, the rotometer was calibrated, and the calibration is 
shown in Figure 23. 

The rotome ter was foUaxed by a shutoff valve and a pressure 
gage. The pressure gage was limited to 12^ pounds per square inch^ 
thus, the fuel system was limited to the same pressure. If hi^er 
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pressTires are dedred tliis presswe gage must be replaced by a 
press\ire gage that reads hi die r pressures. 

The fuel line, a one-quarter inch flexible copper tubing, 
entered the settling chamber -through a one-half inch i^ater pipe 
where it was enclosed until it was connected to the spray nozzle. 

The nozzle was attached to the end of the one^half inch water pipe, 
which was supported by guy -wii’es at the entrance of the contraction 
nozzle. The last three inches of the pipe -tapered down until -the out 
side diameter at the end was equal to the outside diameter of the 
nozzle. This arrangement elljuinated seme of -the turbulence behind 
the ^ray nozzle. 

The cooling system for the fuel line inside of the tunnel con~ 
sis-ted of a three thiirty-seconds inch flexible copper tubing, -vhich 
■was also located inside of the one~half inch water pipe with the 
fuel line, Thi.s copper tubing carried -water up to -|he end of the 
pipe, and then the -water flowed back down the water pipe, enveloping 
the fuel line. The water was supplied by the house water system arxd 
■was connected as ^own in Figtire 22, 

A Monarch fuel nozzle was installed at the end of the -water 
pip>e and had a flow rate of five gallons per hour, a spray cone of 
30 degrees, and was rated as a hi^ velocity nozzle. 
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INSTOUMEMTATION 

The required instrumentation to measure the static pressure^ 
the static temperature and the velocity at different points in the 
fuel spray is static pressure teps^ temperature probes^ and total 
pressure probes© 

To facilitate the discussion of the presstore measuring in- 
struments, a description of the manometer system is presented first, 
and the arrangement is ^own in figure 2it© The manometers are located 
on the instrxirtent panel and a picture of this panel Is shotfii in 
Figure 25» 

The static gage pressure at the entrance of the test secticn 
was measured by a mercury manometer, which had one end open to the 
atmosphere and the other end connected to the static pressure ori- 
fice at the upimnd end of the test section. The alcohol reservoir 
for the bank of manometers was sub;Jected to the same static pressure© 
Therefore, each manometer in the bank of manometers measured a 
differential pressure which was the difference between the pressure 
the manoireter was to measure, and the static pressure at the entrance 
of the test section© 

"nie surface area of the alcohol in the reservoir was much 
larger than the cross-sectional area of the manometer tubes, so 
that the change of reservoir level could be neglected without in- 
curring too large an error in the manometer board readings© The 
large reseirvoir presented the problem of bleeding the pressure into 
or out of the reservoir fast enou^ to eliminate delays in the 
manometer system© Therefore, tiie reservoir was connected to its 
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pressure source by a diameter tutdng lai’ger than the tubing connect- 
ing the rest of the systemo 

Alcohol was used in the bank of manometers becaiise its loij 
specific gravity is productive of a higher fltiid column than is ob- 
tained with water* This use of alcohol in place of water allays 
small changes in pressure to be read more accvirately* 

An inclined manometer was mounted on the instrument panel with 
one end connected to a static pressure hole at the upirind end of 
the test section, and tiie other end connected to a static pressure 
hole at the downwind end* 

Static Pressure * The detection of a static pressure on a 
wall, viiich is a natural boundary of the flomng fluid, is relatively 
sirtgjle since, with properly designed taps, there is no problem of 
inflow. The requiranents for properly designed taps are (l) they 
should be snail in size, ( 2 ) drilled perpendicular to the surface, 

(3) smooth - no burrs permitted, and (ii) have symmetrical holes. 

The static ptressxtre holes in the test section were .Oli inches 
in diameter, made with the smallest drill available in the machine 
shop. 

The perpendicular requirement was assured to the degree that 
a parer drill xras accurate. 

The inside wall of the test section was polished to a high 
gloss to assure the removal of all burrs. 

The holes should be perfectly round, or as round as a drill 
% 

rotating at hi^ rpm could make them. 

Therefore, the accuracy of the pi^essure readings from the 
static pressure taps should be as accurate as the recording instrument. 
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Twenty static pressure holes, one inch apart, were drilled in 
the top of -the test section along the center line or longitudinal. 
axiSo Tlie static pressure hole at the extreme upi«nd end of the 
test section was connected to the reservoir of die bank of manometers 
and the reservoir of the mercury manometer « The inclined manometer 
was connected to the third static pressiu’e hole from the upvdnd end 
of the test section and to the extreme downwind static pressure holco 
The rest of the static pressure taps were connected to the mancmeters 
in the bank of manometers as shown in Figure 2h» 

Therefore, due to fuel vaporization the small changes in 
static pressure along the test section could be observed in the bank 
of manometers, and the difference in static pressure at the upwind 
end of the test section and the doxmwind end, or total change in 
static pressure, could be observed on the inclined raanometero The 
total change in static pressure along the test section was a crLti- 
cal measurement. Thus, the more sensitive Inclined manometer vras 
used for this raeasuramento 

Static Temperature . At Ioh" velocities, such as the antici- 
pated velocities in the test section, the difference in the stag- 
nation temperature and the static tauperature of the air stream is 
negligible. Thus, no effort was made to try to design a tonpera- 
ture measuring device to measiu*e the exact static terrperature, 
which was the ten^erature desired. 

The simple theimocouple was the temperature sensing element 
elected to measure the temperatures because (l) it has very little 
mass - it can be made small enou^ to fit into the test section 
without upsetting the flow pattern, and (2) there is practically 
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no limitation on the distance between the thermocouple and the measur- 
ing instrument.. The Iron-constantan type thermocouples normally used 
to measure temperatures from about 0 F to liiOO F ^ was the type fabri- 
cated to measure all tempera tures o 

The thermocouples to measure the fuel tonperature and air 
taaperature at the entrance of the test section presented no problem 
to constructo But the Ihemocouple probes designed and constructed 
to attempt to measure the fuel vapor-air mixture temperature inside 
the fuel spray, hereafter called wet-mixture probe, presented the 
real problemo 

The thermocouple to register the tenperature of the fuel was 
simply the junction of the iron-ccnstantan wires placed inside the 
fuel line at the base of the 200<-^nedi filter of the fuel nozzle® 
Naturally, the leads from the junction vrere insulated from the trails 
of -the fuel line® The tap throng •viiich the leads from the thermo- 
couple were inserted vras a potential source of trouble or fuel 
leaks if fuel pressures above 70 pounds per square inch were used. 

The accuracy of the recording of this themocouple ^ould be within 
desired tolerances, for the sensing element is continually bathed 
in the fuel fleering through the fuel line® It was realized, of 
course, that the tenperature of the fuel will drop a little •vdien 
it flows through the spray nozzle, but the tonperature will have to 
be assumed the same. 

The themocouple probe to measure the air temperature at the 
entrance of the test section was constructed with a cylindricsil 
radiation shield around the sensing element. The axis of the cylin- 
drical shield was parallel to the direction of flow^ therefore. 
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the Biennocouple was entirely exposed to the air stream. The r.idia- 
tion shield served the puipose of reducing the effect of the wind 
tunnel walls on the sensing element. The element ”sees” the warmer 
shield bathed in the hot air rather "than the colder tunnel walls 5 
thus, little error in the taaperature recorded was expected. 

The wet-mixture probes required a design that would not let 
the thermocouple get wet and still let it be exposed to the air=vapor 
mixture in order to record its temperature. So far this type of 
temperature probe has never been successfully designed. Tiro t^Ties 
of wet-mixture probes have been used, one which centrifuges the 
liquid drops out of the stream and passes the dried gas over the 
thermocouple, and another i^ich relies on a nomretting coating on 
the probe to prevent adhesion of the Liquid, Neither type has been 
developed into a completely reliable probe, according to Mardowsfci 
(Reference ?)• Iherefore, the idea was tried of placing the thermo- 
couple behind a baffle, 'tiiich vjould divert the liquid droplets away 
from the sensing element and allow the eddies behind the baffle to 
circulate the gases around the element, A schematic and a picture 
of the design are diown in Figures 15 and 26, 

The first baffle is a right circular cone with a 60 degree 
apex angle, the second and third baffles are a frustum of a right 
circular cone with an apex angle of 20 degrees, and the fourth 
baffle is a frustum of a right circular cone with a I/O degree apex 
angle. The baffles are approximately one-eighth of an inch apart 
to allow the eddy effect behind each baffle to circulate the air- 
vspor mixture throughout the probe and around the thermocouple. 

The baff!.es were connected together by three piano wires, and the 



fourth baffle vas attached to the stau of the probe, >±dch was 
supporting the >diole arrangement. 

It was anticipated that the first baffle would become entird.y 
wet and would be at the temperature of the liquid. But, since 
momentum vrouLd be imparted to the liquid droplets in a direction 
away from the aixis of the thermocouple probe by the first baffle, 
the second baffle would be less wet and would reach a temperature 
determined somewhat by the air-vapor mixtiire. Therefore, it would 
be at a temperature closer to the desired temperature. The third 
baffle would be protected by the first two baffles and diould be 
even closer to the desired temperature. The thermocouple was located 
in the center of this third baffle. IHjo of these >7et-inixt\ire probes 
were constructed. 

The approximate error that can be e^qsected in the temperature 
readings from the wet-mixture iherraocouples can be determined 
mathematically, because the heat flow by convection into the theimo- 
couple from the hot air-vapor mixtixre is equal to the heat flow by 
radiation out of the thermocouple to the surfaces that it ”sees”, 
dxiring steady state conditions. 

The heat flow into the thermocouple can be expressed as, 

2 . h(T^ - T^) 

where Q is the heat flow^, A is the surface area of the sensing 
elanent, h is the heat transfer coefficient, T, is the tempera- 
ture of the air-vapor mixture and is the temperature the 
theimocouple is recording . 
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Ihe heat flow out of the thermocouple mathematically is, 

X' 

where (f is the well known constant 0«,1728^ 10“®, £ is the emissirity 
or radiation quality of the thermocouple, and T|j is the temperature 
of the baffle surrounding the thermocouple « 

Under steady state conditions, 

%n “ ^out 
as stated above, or 

h(T^ - 1^) - - T^). 

A sample calculation to determine the possible percentage of 
error for a given set of tanperature conditions is shown in the 
Appendix, example 3« 

The three thermocouples installed in the test section were 
supported by hypodetmic needle tubing, Thich could traverse the 
test section from top to bottom, since they were moxmted in the 
before mentioned stuffing boxes o 

All foxir of tile thermocoiqjles were hooked up in parallel to 
a bus bar with selective switches, and the recording instruirent was 
connected to leads on the bus bar that are common to all other 
leads, provided the circuit is closed by tiie proper switch# A 
Leeds and Northnip direct reading potentiometer, serial number 
9^919 f with a double range of 0-^00 F and 0-2000 F and designed 
for iron-cons tantan thenftocouples, was ihe instrument ccrmected 
to the common leads of the bus bar. A schematic of the circuit 
is shown in Figure 11. 
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Yelocity . Tho two vrf tx;iiy probes are manufactured out of 
hypoderaiic needle tubing, which has an outside dlaraeter of o082 
inches and an inside dianeter of oC60 inches. Robinson (Reference ii), 
states that the larger the total pressxire opening as compared to 
the tube diameter the more reliable the reading liien the instru- 
ment is yawed. Therefore, tho insiae chometer of the probes near 
the head of the instruments was made as large as possible. 

The velocity probes were connected to the ti«ro outboard man- 
ometer tubes of the bank of manomet-ers, and they were located in 
the test section so tnat ihe forward end of each pro'>3 was th-s 
same cross-sectional plane as a static pressuie tap, Tliese static 
pressure taps were also connected to mnometers in the bank of 
manometers. Thus, the dynamic pressure could be read directly 
from the manometei' board in inches of alcohol, 

Ihe change in velocity of the air sts'eam, due to the vaporisa- 
tion of the fuel, was one of the essential measurements. Therefore, 
one of the total head probes \ra.s located near the entrance of the 
test section and the other was near the exit. They were installed 
so that they could be traversed across the tunnel from top to 



bottom 
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WBID TUNIJEL CALIBRATION 

Uie calibration of the cross-sectional velocity variation in 
the test section is a Jimst in order to use the tunnel Intel ligentlyo 
Ideally j, a stcrvey of velocity across the wind tunnel test section 
should show no change in velocityo Actually, due to imperfect de- 
sign or construction, there always are small changeso 

Before a survey of the velocity in the test section was con- 
ducted, the direction of flow was determined fairly accurately by 
using a smoke probe « The results vrere veiy satisfactory for it 
proved there was very little cross flowo Since the available smoke 
genei’ator was not designed to operate against pressure and the 
pressure in the tunnel was above atmospheric, the smoke emanating 
from the probe was not very dense* Thea’sfore, no effort was made 
to obtain a photograph of the operation, but a diagram of that which 
was seen is shown in Figure 27* 

The total head probes were then used to obtain a velocity 
profile, at approximately 100 feet per second in the cross-sectianal 
plane 10 3A inches from the entrance of the test section, and in 
the cross-sectional plane 18 3A inches from the entrance* These 
planes are hereafter referred to in this report as station 10 and 
station 18* At each station three surv^s were conducted, (l) witJi 
the velocity probe located in the center line tap, (2) with the 
probe located in a tap in the same cross-secticnal plane but offset 
one inch from the center line, and (3) vri-th the probe located in 
the tap one inch from the center line on the other side. The sur- 
veys were done by traversing the probes step by step across the 
test section from top to bottom* 
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The alcohol mancaneters which registered the dynarac pressure 
picked up by the velocity probes in the test section were the two 
outboard manometers of the vertical bank of mancmeters. The possi- 
ble error in reading these manometers was approximately plus or minus 
o03 of an inch of alcohol, Also^ the power plant did not retain 
an absolutely constant pressure in the test section. This pressure 
fluctuation made it thotg difficult to get an exact reading, Th-us, 
the data obtained were read to the nearest ,05 of an inch of alcohol. 
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RESULTS AND DISCUSSION 

Since ihis report is primarily a descriptive analysis of the 
design and ccnstniction of a >and tunnel, the results were limited 

to the data and results of the velocity sui*vey in the test sectlono 

The data are listed in Table I and II and the calculated resvQts 
are shovzn in graph form in Figixres 28 through 33 o A sample calcula- 
tion is shown in the Sait^^le Calculations of the Appendix, example 
These results proved that the flow at a c roe s»secti anal plane 
in the test section was at a fairly tmiforra velocity, except where 

it was disturbed by the fuel nozzle and the walls <, 

The grains in Figures 30 and 31 show the results of the sur^ 
veys at stations 10 and 18, with the velocity probes located in 
the center line taps. These velocity profiles definitely indicate 
that the velocity near the longitudinal axis of the test section is 
slower than the velocity in the rest of the cross-sectionsil plane, 
except near the walls. This slower velocity was anticipated since 
the fuel spray nozzle was located on the longitudinal axis, and the 
flow along this axis of the test section was affected by the wake 
behind the nozzle. This was not considered detrimental to the analysis 
of a fuel spray in a moving air stream, for a nozzle produces the 
same effect in an actual combustion chamber. 

The remaining four graphs. Figures 28 and 29 for station 10 
and Figures 32 and 33 for station l8, are representative of a good 
turbulent flcn-j- profile. Therefore, it could be assumed that the 
velocity profile was good along the entire length of the test 



section 
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Ihe comparison of the results at station 10 vrith the results 
at station lO revealed the fact that the boundary layer thickness 
increased between the two stations. This increase should be taken 
into consideration when experimental data of a fuel spray are being 
taken, by limiting the survey area to an area xdthin the boundary’’ 
la j'ers , 



. . 
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CONCLUSIOfB Arm RECaiI‘IENIl\TiaiS 

!Hie results of the test section 'velocity survey indicated 
that the design and construction of the wind tunnel were mthin 
the allowable limits for research and study of fuel vaporiza'tion 
in a moving air stream® 

It is recommended that a fa-; additions and improvements be 
incorporated into the tunnel such ass 

(1) an additicn of six more heaters, since the vaporization 
of fuel and the diffusion of the vapor are functions of 
vapor pressxire, and the vapor pressxire is an exponential 
function of 'the tenqieratxire 

(2) insulate the tunnel up to "the entrance of the test sec- 
tion to limit the escape of heat through the tunnel walls 

(3) the temperature probes should be brazed instead of 
soldered in order to withstand -the additional heat 

(h) replace the svatch in one of the heater circuits vdth 
a variac. This will give a smooth control of the heat 
•through o\it the temperature range 

(5) replace the ^ass walls of the -test section with pyrex 
or some other transparent material that iri.ll withstand 
hi^ temperatures and pressures 

(6) secure a suction pump to install at the exit end of the 
diffuser, so that the vaporization of fuel can be studied 
at pressures less than -the atmospheric pressure which is 
the pressure range of greater interest 
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(7) place a control valve downstream of the test section 

so that the tack pressure can be controlled, thus, con- 
trolling the static pressure in the working sect! on o 
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list OF SYMBOLS 



Iietters 
A - 
Cp - 
f - 
h » 
H » 
k - 
m - 
n - 

P - 
Q - 

R - 
t - 
T - 

V = 

V - 



2 

Surface area^ ft 
Specific heatj btu/lb 
Reduction factor 

p 

Heat transfer coefficient^ btu/hr ft °F 
Enthalpy, btu/lb 

Pressure drop coefficient, dimensionless 
Rate cf mass flow, Ib/sec 
Jhmber of scrsens 
Pressure, Ib/ft^ 

Quanti-ty of heat, btu 
Gas constant, ft-lb/lb ®R 
Temperature, °F 
Absolute tonperatxire, ^ 

Rate of volume flow, ft^/sec 
Velocity, ft/sec 



Subscripts 

a - Air-vapor mixture 
b - Baffle 
t - (Hiermocouple 
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Gi'eek 

£ - Eraissivityj dimensioriless 

(T - Constant used in heat transfer (.1728 ^ 10“^) 
/o- Density, Ib/ft^ 
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SAl'^IPLE CALCUIATIONS 



Example 1 

Ihe following is a sainple calculation to determine the heater 
•wattage reqtdred to raise "the tmperature of the air flowing through 
a 20 square inch area test section at $0 feet per second, from 70 F 
to 2^0 F, assuming atmospheric pressure. 

Uie rate of mass flow is, 

m « VAf® 50(«139)o056 ® o389 Ib/sec 

•where, 

Ihe B-ba*s required per pound of air is 
H » CpAT 

= o2ii(l80) ® li3o2 btu/lb 

■where, 

C ® o2li. 

Ir 

Dms, -the Btu*s required per second is 
mH « li3o2(,389) 

® l6,8l btu/sec. 

The conrersion factor to change b-tu/sec into watts is 105U»8o 
Therefore, the required wattage is equal •to I6o8l(l051io8), which 
is 17,750 -irattso 

The results of the calcula^tions for several test sec-tion sizes 
are shown in graph foim in Figure 7» 
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Example 2 

This sanqje calculation is to show the method used in deter- 
irdLning the displacement required for a four-cycle engine operating 
at 2000 rpm to produce a flow of ^0 feet per second in a test sec- 
tion with a cross-sectional area of 20 square incheso 
The volTime flow (v) through the tunnel is 
V ® VA 

» ^O(ol39) ^ 6«9^ ft^seco 

The number of displaconents per second for the 2000 rpm^ 
ii-cycle engine is l6*6?j since it takes two revolutions for one 
conqjlete displacement © There fore ^ the required displacement is, 

“ 720 cubic inches© 

The results of the calculations for several test section: sizes 
are shown in graph form in Figure lit© 

Example 3 

A sample calculation to obtain the possible error that can be 
e:q)ected in the temperatures recorded by the wet-mixture thermo- 
couple probes foUowss 
At equilibrium, 

^in “ ^out 

and, 

h(Tj - T^) = ct£(t“ - T^) 

for, 

^ - h(T^ - T^) and ^ -T^). 
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The following values are assumed to ainiulate a practical problemo 



The value of 0®9 for was assumed since welded thermocouples 
are fairly good radiators of heatc 

The value, h = 10, was assumed since •fhe sensing element of the 
thermocouple probe is located in the wake of a 60 degree right 
circular cone baffle© According to Eckert (Reference 8), the range 
for h is 2 to ^0 for flowing air, where 2 is a normal value in 
slowly moving air and 50 is a nontial value in rapidly moving air. 
With the above asstuned values. 



= 620®R 
Tb *= 520°R 
£ ® 0o9 



h ® 10 btu/hr ft^ 



Q* 

= 10(620 - T4.) and 
A ^ 




o 



A A 

assuming three values for T^* 






610 100 102 oO 

600 200 88o2 

590 300 75o0 



Q 

A graph vising the ajDove values was plotted ^dth ^ as the ordinate 



and T as the abscise and is shown in Figure 



I 



f 



I 






From the graph it can be seen that tiie point where *^ont 

the temperature is appro:ximately iSO Fo Since the temperature assuraed 
for the air was l60 F, the thermocouple reading woxild be in error 
by 10 degrees or 6«27 per cento 

Example It 

A san^jle calculation ^o;d.ng the calculations necessary to 
convert the dymraic pressure of the flow in the test section^ measured 
in inches of alcohol? into the velocity of the air stream follows s 
Measured values 2 

Dynamic pressure •= 2«ii5 inches of alcohol 
Barometric pressure ® 32o00 inches of %o 
Temperature of the air ^ 6?0®R 
Therefore? since p ® (oli9l)32oOO s l5o7’psia and 
p ® /^RT 

i? l5o7(lUt) 

^ ® 670(1^ 

® 0OOI97 ^ugs/ft^o 

Dynamic pressure (l/2 /^V^) is equal to the total presstre minus 
the static pressure and was measured on the manometer board to be 
2oU5 inches of alcoholo The specific gravity of the alcohol is <,806? 
therefore? 2«1^5 inches of alcohol is equal to lo97^ inches of water® 

P ^ 1o97^(5.20U) 

« 10o28 Ib/ft^ 

’ p » 1/2 

p „ 2(10®28) 

0OOI97 



7 ® 102 ft/sec® 



!feble lo Velocity Profile Data 



Station 10 



Distance 

From 

Top 

(Inches) 


Inches 

of 

Alcohol 


Dynamic 

Presstcre 


Tr 2P 

^ ' V 

(Ft^Sec^) 


V 

(Pt/Sec) 


Lef t Tkp LooldnK 1 




o25 


2.1|0 


10.01 


10^200 


101.0 


o7^ 


2ol;0 


10.01 


10^200 


101,0 


1o75 


2oli5 


10.27 


IO339O 


101.8 


2o7? 


2«li5 


10.27 


10,390 


101.8 


3«25 


2oi;5 


10.27 


10,390 


101.8 


3«90 


1.70 


7.13 


7,210 


81i.9 


Right Tan Looking Ih 


jstceaBL_ ___ 


.25 


2.30 


9o6k 


9,760 


98,7 


.75 


2oli0 


10.01 


10,200 


101,0 


1o75 


2.!t0 


10.01 


10,200 


101,0 


2o75 


2.1i5 


10,27 


10,390 


101,8 


3.25 


2.U5 


10.27 


10,390 


101,8 


3.90 


2.00 


8.38 


8,li90 


91.5 


Center Line Tap 


.25 


2ol0 


8.ai 


8,920 


91^.5 


.75 


2ohO 


10.01 


10,200 


301,0 


1.75 


1.95 


8.17 


8,270 


90,3 


2.75 


2o35 


9.85 


9,980 


99.2 


3.25 


2.U0 


10.01 


10,200 


103,0 


3.90 
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